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Abstract 

Wc have previously shown that young guinea pigs repcaiedly exposed to sidestream cigarette smoke (SS) develop 
decreased airway reactivity of the C-fibcr system without changing reactivity to one of its neurotransmiUcrs, 
substance P (SP). This study was designed to determine whether the decreased reactivity was due to decreased 
responsiveness to another ncurotransmillcr. neurokinin A (NKA), decreased lung SP content, decreased affinity or 
number of NK, receptors, and/or decreased number of C-fibcrs. Duncan Hartley guinea pigs were exposed to 
filtered air (FA) or to SS Tor 6 h/day, 5 days,-week for S weeks starling at I week of age. SS exposure did not change, 
tl) airway rcaciiviiy to NKA injected imo the pulmonary artery of their isolated perfused lungs (» = 6-7 
each group), (2) lung SP content as measured by enzyme immunoassay (n = 12 each group), ( 3 ) NK, receptor 
number or affinity as measured by radioligand binding (ii *= 7 each group), or (4) SP-immunoreactive nerve profiles 
of the terminal bronchioles or small airways (« = 6 each group). Thus. SS exposure does not decrease C*fiber 
system by reducing NKA responsiveness, decreasing SP content, changing NK, receptors, or decreasing the number 
or C-fibers. 
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1, Introduction and respiratory illnesses (Ekwo et al., 1983; 

Wright ct at., 199L; Forastierc ct al., 1992; 
Children exposed to environmental tobacco Schulte-Hobein et at., 1992). ETS differs substnn- 

smoke (ETS) have more cough (Dodge. 1982; lially from mainstream smoke (Lofroth, 1989) 

Ekwo et ah. 1983: Forastierc et al., 1992), wheeze and is produced primarily from the smoldering 

(Dodge. 1982), sputum production (Dodge. 1982), end of cigarettes with a small contribution from 

exhaled mainstream smoke. ETS may cause some 
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1991) . and by components of ETS such as 
nicotine (Sana ct a], 1988). acrolein (Lee ct al., 

1992) . and by oxidants (Coleridge el al„ 1993). 
C-fibcrs arc part of the pulmonary defense reflex 
and when stimulated cause rapid shallow breath¬ 
ing, bronchoconstriction. mucus secretion via a 
central reflex; and bronchoconstriction, mucus 
secretion, and microvascular leak via a local 
axon reflex. We have recently (Joad et al„ 1995) 
shown that extended exposure of the developing 
guinea pig to SS results in a C-fibcr axon reflex 
which was less responsive to capsaicin, a stimu¬ 
lator of C-ftbers. This suggested that some of the 
symptoms that children exposed to ETS experi¬ 
ence may be due to downregulation of C-fibers 
leaving their lungs more vulnerable to other 
noxious agents. 

In the previous study (Joad ct at., 1995), we 
determined that the decrease in C-fibcr respon¬ 
siveness was not due to decreased responsiveness 
to one oT the neurotransmitters of the local axon 
reflex, substance P. This study was designed to 
examine several other components of the local 
C-fiber axon reflex to determine which aspect of 
the reflex is modulated. We postulated that ext¬ 
ended sidestream smoke exposure might decrease 
SP conlent, the affinity or number of NK, (sub¬ 
stance P) receptors, the number of C-fibcrs. and/ 
or the lung responsiveness to the other C-fiber 
neurotransmitter affecting airway tone, neuro¬ 
kinin A (NK.A). 


2. Methods 

2. /. General protocol 

Male Duncan Hartley guinea pigs (a = 49) 
were exposed to. (I) filtered air (FA) or (2) 
sidestream cigarette smoke (SS) for 6 h/day, 5 
days/week from age K days to aye 37-48 days of 
life. They were fed guinea pig chow (no. 5025. 
Purina Mills. St Louis. MO.. USA! and water ad 
lib including during the exposures. Guinea pigs 
were housed in polycarbonate cages (69 x 69 cm 
cross sectional area) with a wire lid and auio- 
ciavcd wood carvings for bedding. They were 
housed two per cage until they weighed 350 g. 
then they were housed individually. The cages 


were placed inside the exposure chamber around 
the clock. At the end of the exposure period, 
increasing doses of NKA were injected into the 
pulmonary artery of the isolated buffer-perfused 
lungs from 6-7 animals from each group and 
lung physiology was determined. In 18 animals in 
each group their isolated lungs were perfused 
with modified Krebs-Henseleit buffer containing 
4.5% bovine albumin at 37“C at a rate of 12 
mJ/min for 3 min. These Jungs were either frozen 
at — 80°C for examination of SP content (n = 12 
each group) and N K, receptors (n = 7 each gTOup), 
or tracheally perfused with Z-fix (Anatech, Battle- 
creek, MI) for immunohistochemistry (« = 6 each 
group). All methods and procedures used com¬ 
plied with the Animal Welfare Act and the Dec¬ 
laration of Helsinki and ihe Guiding Principles in 
the Care and Use of Animals and were approved 
by the UC Davis Committee on Animal Use and 
Care. 

2,2. Generation of SS exposure atmosphere 
The exposure system and monitoring methods 
were identical to those used previously (Joad et 
al.. 1995) and have previously been described in 
detail (Teague ct al, 1994). Briefly, dilute SS was 
generated by a modified ADL/U smoke exposure 
system (Oakridge National Laboratory) using 
conditioned 1R4F cigarettes from the Tobacco 
and Health Research Institute of the University 
of Kentucky. Two cigarettes at a time were 
smoked under Federal Trade Commission condi¬ 
tions in a staggered fashion at a rate of 1 puff (35 
ml. 2 s duration) per min. The SS was diluted 
with filtered air in a mixing chamber then passed 
into the stainless steel and glass Hinners-type 
exposure chamber 0.44 m 3 in size. The exposure 
chamber was characterized by a relative humidity 
of 43.2 ± 6.6%, temperature of 24.1 ± 0.1°C, 
total suspended particulate (TSP) concentration 
of 1.02 + 0.07 mg/m 3 , carbon monoxide con¬ 
centration of 6.16 ± 0.62 ppm, and nicotine 
concentration of 345 £ 99 pg/m J (mean + S.D.). 
Relative humidity, temperature, TSP and nic¬ 
otine concentrations were measured with probes 
15-20 cm inside the back wall of the exposure 
chamber next to the cages. Carbon monoxide 
was sampled from the back wait of the chamber. 
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Carbon monoxide, temperature, and humidity 
were sampled continuously. Nicotine was sam¬ 
pled for 15 min twice during each 6-h exposure 
period. TSP (using the pei 2 obalanCe technique) 
was sampled for 30 min out of every hour. 


2.3. Isolated perfused lung system 

As we have done previously, we studied the 
lungs in an isolated perfused system to separate 
them from the effects of circulating blood compo¬ 
nents and central neural control (Pino ct al., 
1992; Joad el al, 1993, 1995). Guinea pigs were 
anesthetized with 65 mg/kg pentobarbital i.p. 
The trachea was cannula ted and the guinea pig 
ventilated with room air at a rate of 60 breaths/ 
min and a tidal volume (Fy) of 3 ml. The chest 
was opened and 100 units of heparin and 400 
gg/kg isoproterenol were injected into the right 
ventricle. The inspired gas was then changed to 
5% C0 3 mixed with room air, the right ventricle 
incised and a canula placed into the main pul¬ 
monary artery. The left ventricle was incised and 
the lungs were washed free of blood with a 
wanned (37°C) Krebs-Henselcil bicarbonate buf¬ 
fer (NaCI 119 mM, KC1 4.7 mM, CaCl 2 3.2 mM, 
MgSO* 1.2 mM, NaHCOj 21 mM, KH 3 PO, 1.2 
mM, albumin 4,5%,glucose 0.1 %, pH 7.35- 7.40). 
After the left atrium was cannulated, the heart, 
lung and trachea were dissected from the animal 
and suspended by the trachea in a water- 
saturated chamber. 

Warmed (37°C). humidified gas (95% air and 
5% C0 3 ) was administered in 3 ml kj breaths al 
a rate of 60 breaths/min. The lung was hyperin- 
flaled with air at 26 cm H 3 0 hydrostatic pressure 
for 10 s at 15 min intervals during the 60 min 
stabilization period to prevent and reverse atelec¬ 
tasis. A differential pressure transducer (Validync. 
Norlhridge, CA) measured transpulmonary pres¬ 
sure and a Fletsch 0000 pneumotachograph 
(OEM, Richmond VA) via a second pressure 
transducer measured airflow. AH voltages were 
passed through carrier demodulators (Validync, 
Norlhridge, CA) into a Modular Instruments 
Data Acquisition System (Malvern. PA) where 
pulmonary resistance (Rl) was calculated by the 
method of Amdur and Mead (1958). The average 


value over a 5-s period was used except for 
dose-response curve where the maximum value 
was used for Rf 

The lungs were perfused with warmed Krebs- 
Henseleit bicarbonate buffer in a recirculating 
fashion via a peristaltic pump at a rate of 0.04 
ml/g body weight/min. The perfusate pH was 
maintained between 7.20 and 7.40 by the addi¬ 
tion of NaHC0 3 if needed. 


2.4. Lung reactivity to NKA 

Lung reactivity to NKA was measured by 
administering increasing doses of drug in 100 pi 
bolus volumes every 45 s into a port in the 
pulmonary artery catheter about 70 cm from the 
heart and measuring the peak change in R L . The 
doses of NKA ranged from —10.75 to — 9.13 log 
mot and were given in one-eighth log increments. 
The dose of NKA required to increase R|_ by 
100% was determined by linear interpolation 
(PD IW NKA). 


2.5. Measurement of SP content 

Lung tissue was always kept at and all 
buffers and diluents contained 10 pM phos- 
phoramidon, 10 pM eaptopri), 2 pM aprotinin, 
and 1 /tM pepstatin. The right medial and caudal 
lobes were minced in 3 ml 0.2% TFA and hom¬ 
ogenized for 15 s twice. The tissue was centri¬ 
fuged at 3200 x y for 30 min. The supernatant 
was then centrifuged at 10000 x g for 30 min. An 
aliquot was removed for protein determination 
(Biorad. Hercules, CA. USA). A SEP-COLUMN 
containing 1 g of C Jg was equilibrated with 5 ml 
HPLC grade methanol and washed with 5 ml 
deionized distilled water (MQ HjO). All samples 
were spiked with approximately 5000 counts/min 
[ 12J I]Bolton-Hunter SP as a recovery label. 
Similar samples of label were set aside for total 
counts. The supernatant was diluted 1:4 in 4% 
acetic acid, loaded onto the column at 2 ml/mitt 
and washed with 10 ml 4% acetic acid. The 
peptide was eluted with 3 ml ethanol/MQ H 3 0/ 
acetic acid (90:10:0.4 v/v) into polypropylene 
tubes. The eluant was evaporated to dryness in a 
centrifugal concentrator (Speed-Vac). Samples 
were stored at — 20°C until suspended in enzyme 
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immunoassay buffer. SP was then measured fol¬ 
lowing the directions on the SP enzyme im¬ 
munoassay kit (Cayman Chemical, Ann Arbor, 
Ml). 

2.6. Measurement of NK, receptor characteristics 

For the radioligand binding assays, the lungs 

were minced and put into homogenizing buffer 
(Tris-HCI 50 mM, NaCI 120 mM, KCI 5 mM, 
pH 7.4 at 4°C) at a ratio of 1 g/10 ml. The 
homogenate was filtered through double gauze 
and centrifuged at 900 x g for 7 min at 4“C. The 
supernatant was centrifuged at 40000 x g for 20 
min at 4°C. The pellet was resuspended in Tris- 
HCI 50 mM. KCI 300 mM, EDTA 10 mM, pH 
7.4 at 4 a C, incubated for 60 min on ice, then 
centrifuged at 40000 x g for 20 min at 4°C. The 
pellet was resuspended in Tris-HCI 50 mM pH 
7.4 at 4"C, and centrifuged at 40000 x g for 20 
min at 4 a C twice. The final pellet was suspended 
in the buffer to be used for the radioligand 
binding assays (Tris-HCI 50 mM, pH 7.4 at 
25°C, MnClj 3 mM, BSA 0.02%, chymostatin 4 
/tg/ml, leupeplin 4 ;rg/ml, phosphoramidon 10 
^iM, and captopril 10 pM). For the binding 
assays, each polypropylene culture tube con¬ 
tained 500 p\ incubation mixture composed of 
incubation buffer, 80 gg membrane protein, 
[ ,25 l]Bo!ton Hunter-SP 50 pM, and increasing 
concentrations of unlabeled SP. The mixtures 
were incubated for 40 min at 25°C in a shaking 
water bath. Binding was terminated by filtration 
over GF/B glass fiber filters soaked in 0.3% 
polyethylcneiminc, and washed five times with 3 
ml Tris-HCI 50 mM, MnClj 3 mM, pH 7.4 at 
4C. The radioactivity on each filler was mcas- ■ 
ured. and analyzed using the LIGAND program 
of Munson and Rodbard (Munson and Rodbard, 
1980); a weighted, nonlinear, least squares curve 
fitting program. 

2.7. Measurement of SP-immunoreactive nerve 
profiles 

Paraffin embedded lung tissue sections of 
4- 5 pm thickness were observed for SP-immuno- 
rcactive nerves. Indirect immunohistochemical 
method was done using avidin-biotm peroxidase 


kits (Vector Laboratories, Burlingame, CA). Brie¬ 
fly, sections were deparaflmized in three changes 
of xylene and hydrated in decreasing concentra¬ 
tions of ethanol for 5 min each. After blocking 
endogenous peroxidase activity and non-specific 
binding, sections were incubated overnight at 
4°C with 1:500 anti-SP monoclonal antibody 
made in rat (Fitzgerald Industries International, 
Concord. MA). Several negative reagent controls 
replacing primary antibody with blocking serum 
or phosphate buffered saline were run in parallel. 
Sections were then treated with appropriate bio¬ 
tinylated secondary antibody, followed by avidtn- 
biotin horseradish peroxidase (HRP, Vectastain 
Elite kit. Vector Laboratories), and were visual¬ 
ized by applying diaminobenzidine (DAB). 

Airways were classified into terminal bron¬ 
chioles and small airways. Terminal bronchioles 
were identified by the presence of distinct al¬ 
veolar outpoclcetings arising from the airway as 
the continuation of the alveolar duct. Small air¬ 
ways had no alveolar out pock etings and only a 
continuous, uninterrupted wall composed of 
simple cuboidal epithelium. Images were cap¬ 
tured at 10 x using NIH Image software, the 
number of nerve profiles per airway counted, 
normalized to the total length of airway base¬ 
ment membrane, and expressed as the average 
number of nerve profiles per mm of basement 
membrane for terminal bronchioles and small 
airways in each animal. A total of 18.5 ± 4.4 
terminal bronchioles, and 13.9 ± 4.9 small air¬ 
ways were examined for each animal (mean + 
S.D.). 


2.8. Statistical evaluation 

The effect of SS on the dose-response curves to 
NKA were evaluated with a one-way multivari¬ 
ate repeated measures ANOVA on the log trans¬ 
formed data (SAS/STAT, SAS Institute). The 
effects of SS on PD,^ NKA, lung SP content, 
NK, receptor number and affinity, and SP-im¬ 
munoreactive nerve profiles were evaluated using 
a one-sided r-test. A type I error less than or 
equal to 0.05 was considered significant. Power 
testing was performed one-sided at the a = 0.05 
level. A power 0.80 was considered sufficient. 
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Fig. I. NKA-induced in >f L in isolated lungs from guinea pigs exposed to filtered air (FA, n — 6, Q) or sidestream smoke (SS. 
n = 7, •) from day 8 of life to day 37-48 of life. In both SS- and FA-CJposed guinea pig lungs, NKA increased fl L (P < O.OQt, 
ANOVA). There was no difference in reactivity to NKA in the SS- and FA-exposed guinea pig lungs (/* — 0.17 dose by treatment 
interaction, ANOVA). The Pf>,„ 0 NKA was —9.35 ±0.04 log mol in the FA-exposed lungs and —9.34 ± 004 log mol in the 
SS-exposed lungs (mean ± S.E.M., P - 088 r-lesi). The power of the assay to determine a difference of PD laa NKA of 0-20 log 
mol was 0.95. 


3. Results 

In both SS- and FA-exposed guinea pig 
longs, NKA increased R L (P <0.001, ANOVA) 
(Fig. 1). There was no difference in reactivity to 
NKA in the SS- and FA-exposed guinea pig 
lungs (.P = 0.17 dose by treatment interaction, 
ANOVA). The dose of NKA required to increase 
R u by 100% (PDioo NKA) was -9.35 ± 0.04 log 
mol in the FA-exposed lungs and —9.34 + 0,04 
log mol in the SS-exposcd lungs (mean ± S.E.M.. 
P «= 0.88 Mesl, rt = 6-7 each group). The power 
of the assay to determine a difference of PDjoo 
NKA of 0.20 log mol was 0.95. 

SS exposure did not change the SP content of 
the lung which was 6.93 ± 0.55 pg/mg protein in 
FA-exposed lungs and 6.77 + 0.98 pg/mg protein 
in SS-exposed lungs (mean + S.E.M.. P — 0.45 
f-lcst, it = 12 each group). The power of the assay 
to detect a 50% reduction in SP content wasO.85. 

SS exposure also did not change NK , receptor 
characteristics. The K A was 45.1 ± 14.6 pM in the 
FA-exposed lungs and 57.1 + 10.5 pM in the 
SS-exposed lungs (mean + S.E.M., P = 0.43 t- 


test, if — 7 in each group). The power of the assay 
to detect a 3-fold increase in was 0.85. The 
receptor number was 55.7 ± 4.5 fmol/mg protein 
in the FA-exposed lungs and 66.9 ± 7.8 fmol/mg 
protein in the SS-exposcd lungs (mean + S.E.M., 
P = 0.21, r*test). The power or the assay to detect 
a 50% reduction in the number of receptors was 
0.85. 

An example of immunohistochernical labeling 
of SP immunoreactive nerve fibers is shown in 
Fig. 2. SS exposure did not change the number of 
SP-immunoreactive nerve profiles in small air¬ 
ways or in terminal bronchioles. In small air¬ 
ways, the number of SP-immunoreactive nerve 
profiles was 10.50 ± 0.95/mm basement mem¬ 
brane in the FA-exposed lungs and 10.80 ± 0.92/ 
mm basement membrane in the SS-exposed lungs 
(mean ± S.E.M., P = 0i82, f-test, n = 6 each 
group). The power of the assay to detect a 35% 
reduction in the number of SP-immunoreactive 
nerve profiles was 0.80. In the terminal bron¬ 
chioles, the number of SP-immunoreactive nerve 
profiles was 9.96 ± 0.62/mm basement mem¬ 
brane in the FA-exposed lungs and 9.95 ± 0.90/ 
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tig. 2. Example of immunphisiocheinicdi labeling of SP immunorvaetive nerve fibers in developing guinea pigs exposed <o filtered 
air |KA) or sidestream smoke fSSI. A. terminal bronchiole from a bA-exposed lung; B. terminal bronchiole from a SS-esposed 
lung; C. small airway from a l-A-expv'sed lung; D. small airway from a SS-exposed lung. Arrowheads indicate labeled 
SF’-imnuinoreUL'livc nerve profiles. ItV. blood vessel: E. epithelium; L. lumen; P. parenchyma. 


mnt basement membrane in the SS-cxpos«l 
lungs (mean ± S.F..M, P = 0.99. Mcst. n - 6 
each group). The power of the assay to detect a 
35% reduction in the number of SP-immunoreac- 
tivc nerve profiles was Q.R5. 

4. Discussion 

We conclude that the mechanism by which SS 
exposure to developing guinea pigs decreases 
lung responses to the C-fiber stimulant capsaicin 
does not involve. (1) decreased effectiveness of 


either of the C-fibcr neuropeptides regulating 
airway tone, SP or NKA, (2) decreased lung SP 
content, (3) downreguiation of NIC, receptors, or 
(4) decreased number of C-fibcrs. 

Theoretically, the C-fibcr axon reflex could be 
downrcgulated by. (1) preventing activation of 
the axons, propagation of (he impulse along the 
axon, and/or release of tachykinins from the 
axon. (2) enhancing metabolism of tachykinins, 
or (3) decreasing the affinity or number of NK| 
(SP) or NK 2 (NKA) tachykinin receptors, and/or 
responsiveness of the end organ. In the previous 
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Study (Joad et al.. 1995), there was a marked 
difference in airway responsiveness to capsaicin. 
In that study, the final dose of capsaicin ( -8.125 
log mol) increased lung resistance in the SS- 
exposed lungs to only 40% of that in the FA- 
exposed lungs. It was therefore expected that if 
any of the various mechanisms tested in this 
study explained the downregulation, there should 
be fairly substantial changes. The data in this 
study had a power of more than 0.80 (at an 
a =>0.05) to identify what wc considered to be 
substantial changes as presented in the Results 
(Section 3), 

SP and NKA introduced via the vasculature 
are metabolized by neutral endopeptidase (Shore 
et al., 1992) and SP is also metabolized by 
angiotensin converting enzyme. Since airway re¬ 
activity to SP and NKA were not changed by 
extended SS,exposure, it is unlikely that either 
en2yme was affected. In contrast, acute exposure 
to mainstream smoke has been shown to de¬ 
crease neutral endopeptidase activity (Dusser et 
al„ 1989), This may be due to a higher concen¬ 
tration of a toxin in mainstream smoke than is 
present in SS or tolerance to its effects with 
repealed exposure. 

The NK | receptors were examined since they 
have been shown to be downrcgulated by ext¬ 
ended exposure to agonists (Holland et al.. 1993; 
Mussap et al.. 1993). and since mainstream 
smokers with COPD have decreased NK, 
mRNA expression in their lungs compared with 
smoking controls (Bai et al„ 1995). However, 
NK, receptor characteristics were unaltered by 
SS exposure to developing guinea pigs as meas¬ 
ured by radioligand binding in this study and by 
airway reactivity to SP in the previous study. 
Although the effect ofSS exposure on radioligand 
binding to NK, receptors was not measured in 
this study, airway reactivity to NKA was not 
altered suggesting that NK, receptors were also 
unchanged. The lack of SS exposure effect on SP 
and NKA responsiveness also suggests that end 
organs such as airway smooth muscle is not 
changed by SS exposure. 

It was possible that SS exposure might de¬ 
crease the number of C-fibcrs or decrease the SP 
content in them. Thus wc undertook to deter¬ 


mine if SS smoke exposure would decrease SP 
content of the lung and/or change the number of 
,SP-fR nerve profiles. SS-exposure did not change 
cither of these. One possibility not yet tested, 
however, is whether SS exposure reduces NKA 
content in the lung. 

It is therefore likely that SS exposure changes 
the stimulation of C-fiberS, the release of 
tachykinins, or NKA content of C-fibers. Of 
these, the most likely site of regulation is at the 
release of tachykinins which has been shown to 
be inhibited by a number of mediators including 
histamine-3 (Ohkubo et al, 1995), adenosine-1 
(Rubino et al, 1993) and fi-3 adrenergic agonists 
(Itabashi et al, 19 92). 

Although not identified in this study, it will be 
quite important to identify the mechanism by 
which C-fibers are downregulatcd by SS expo¬ 
sure. Recent in vivo studies suggest that when the 
C-fiber responses are reduced, agents such as 
endotoxin (Long et al, 1993), SOj (Long 
and Shore, 1993), and ozone (Stemer-Kock 
et al, 1996) cause more inflammation including 
peribrochiolar and peribronchial edema and ac¬ 
cumulation of neutrophils, lymphocytes, and 
macrophages (Sterner-Kock et al, 1996). Thus, 
greater access of pollutants and viruses to the 
deep lung might explain some of the respiratory 
symptoms and the increase in respiratory infec¬ 
tions (Ekwo et al, 1983; Wright et a), 1991; 
Forastierc el al, 1992) reported in children of 
smokers. 

The SS exposure concentration used was in 
this study (1 mg/m l TSP) was greater than that 
usually reported for homes (0.036-0.70 mg/m 3 
TSP) (l/.S.Department of Health and Human 
Service, 1986). However, since the concentration 
of smoke increases inversely with the square of 
the distance from the source, infants and young 
children may be exposed to higher concentra¬ 
tions of ETS while being cared for by a smoking 
ca reprovider than is reported for homes in gen¬ 
eral. 

In summary, we have shown that extended 
exposure of the developing guinea pig to SS did 
not decrease the effectiveness of NKA, decrease 
lung SP content, downregulate NK( receptors, or 
decrease number of C-fibers. The mechanism by 
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■which SS exposure reduces capsaicin-induced 
lung responses is likely to involve the C-fibcr 
itself, either at the level of stimulation or release 
of the tachykinins. 
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